Olig2 and Ngn2 function in opposition
to modulate gene expression in motor

neuron progenitor cells
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Spinal motor neurons and oligodendrocytes are generated sequentially from a common pool of progenitors
termed pMN cells. Olig2 is a bHLH-class transcription factor in pMN cells, but it has remained unclear how
its transcriptional activity is modulated to first produce motor neurons and then oligodendrocytes. Previous
studies have shown that Olig2 primes pMN cells to become motor neurons by triggering the expression of
Ngn2 and Lhx3. Here we show that Olig2 also antagonizes the premature expression of post-mitotic motor
neuron genes in pMN cells. This blockade is counteracted by Ngn2, which accumulates heterogeneously in
PMN cells, thereby releasing a subset of the progenitors to differentiate and activate expression of post-mitotic
motor neuron genes. The antagonistic relationship between Ngn2 and Olig2 is mediated by protein
interactions that squelch activity as well as competition for shared DNA-binding sites. Our data support a
model in which the Olig2/Ngn?2 ratio in progenitor cells serves as a gate for timing proper gene expression

during the development of pMN cells: Olig2hist

maintains the pMN state, thereby holding cells in reserve for

oligodendrocyte generation, whereas Ngn2™" favors the conversion of pMN cells into post-mitotic motor

neurons.
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Neuroepithelial cells within the developing CNS have a
remarkable ability to produce different types of neuronal
and glial progeny. The fate of these CNS founder cells is
influenced by numerous extracellular signals during em-
bryonic development (Tanabe and Jessell 1996; Jessell
2000), leading to the regional specification of progenitor
pools assigned to produce different cell types (Briscoe
and Ericson 2001). An additional mechanism for expand-
ing cellular diversity in the CNS is the sequential gen-
eration of different cell types from a common precursor
cell population. For example, lineally related cells in the
neocortex sequentially generate cortical neurons that ac-
quire different laminar fates (McConnell 1995), and reti-
nal precursors produce different classes of retinal neu-
rons in a serial fashion (Cepko 1999). Likewise, pMN
progenitor cells in the spinal cord initially produce mo-
tor neurons, but switch later in development to forming
oligodendrocytes (Richardson et al. 2000; Rowitch et al.
2002). Thus, the daughters of pMN cells select whether
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to retain their pMN identity, differentiate into motor
neurons, or become oligodendrocytes—representing
choices associated with dramatically different patterns
of gene expression. Although regulatory mechanisms in-
volving cross-repressive and derepressive interactions
between transcription factors have begun to be eluci-
dated in the developing spinal cord (Briscoe et al. 2000;
Mubhr et al. 2001; Lee et al. 2004), the mechanisms that
underlie the decisive timing of regulation of genes
within a progenitor population as it produces different
cell types remain poorly understood.

Motor neurons and oligodendrocytes perform different
functions in the spinal cord: motor neurons extend axons
from the spinal cord, synapse with muscles, and control
movements with the neurotransmitter acetylcholine;
whereas oligodendrocytes are glial cells that myelinate
the axons of neurons within the CNS. Nevertheless, the
development of these two divergent cell types is closely
linked. The conversion of unspecified neuroepithelial
cells in the ventral neural tube to pMN precursor cells is
driven by Sonic hedgehog (Shh) from the notochord and
floor plate and retinoic acid (RA) likely produced by the
paraxial mesoderm (Ericson et al. 1997; Novitch et al.
2003). These extracellular signals are read out by emer-
gent pMN cells, leading to the expression of a unique
constellation of homeodomain transcription factors in-
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cluding Nkx6.1, Nkx6.2, Pax6, Mnr2 (chick-specific
gene), and Lhx3 (chick Lim3) that distinguish motor neu-
ron/oligodendrocyte precursors from those for other cell
types (Jessell 2000; Briscoe and Ericson 2001). Interest-
ingly, as pMN cells switch from producing motor neu-
rons to generating oligodendrocytes, Nkx2.2 is up-regu-
lated, thereby altering their transcription factor profile
(Qi et al. 2001; Zhou et al. 2001; Sun et al. 2003; Liu and
Rao 2004). Thus, motor neurons and oligodendrocytes
are both derived from pMN cells, but the transcriptional
codes within this cell population are not static during
development.

In addition to homeodomain proteins, recent studies
have demonstrated important roles for the basic helix-
loop-helix (bHLH)-class transcription factors Ngnl/2
and Oligl/2 in motor neuron and oligodendrocyte devel-
opment (Scardigli et al. 2001; Lu et al. 2002; Zhou and
Anderson 2002). Oligl/2 (chickens appear to lack Oligl)
are expressed during an extensive portion of pMN cell
development encompassing the period when both motor
neurons and oligodendrocytes develop (Lu et al. 2000;
Zhou et al. 2000; Mizuguchi et al. 2001; Novitch et al.
2001; Zhou et al. 2001). Olig1/2 mutant mice lack spinal
motor neurons and oligodendrocytes due to the conver-
sion of pMN cells into progenitors for V2 interneurons
and astrocytes (Lu et al. 2002; Zhou and Anderson 2002).
Ectopic expression of Olig2 in the dorsal neural tube of
chick embryos drives the differentiation of neuroepithe-
lial cells into neurons, which likely occurs by activating
expression of the neurogenic bHLH transcription factor
Ngn2 (Novitch et al. 2001; Lu et al. 2002; Zhou and
Anderson 2002). Thus, both Olig2 and Ngn2 are ex-
pressed by pMN cells, and functional studies have
shown that both are involved in motor neuron differen-
tiation (Mizuguchi et al. 2001; Novitch et al. 2001; Scar-
digli et al. 2001; Lu et al. 2002; Zhou and Anderson 2002;
Lee and Pfaff 2003). Based on the regulatory interactions
of Oligl/2 with the other factors involved in motor neu-
ron specification, these bHLH factors occupy a key nodal
point in the transcriptional pathway controlling pMN
cell fate—acting to coordinate the expression of genes for
neuronal subtype identity with those for neurogenesis
(Novitch et al. 2001). Coexpression of Olig2 and Ngn2 in
PMN cells occurs during the period of motor neuron for-
mation; however, at later stages when oligodendrocytes
are produced, Ngn2 becomes down-regulated, which is
likely an obligatory requirement since it directly antago-
nizes glial cell differentiation (Sun et al. 2001; Zhou et al.
2001).

Although Oligl/2 contribute to the regulation of Ngn2
(Novitch et al. 2001; Zhou and Anderson 2002), the func-
tional relationship between these genes has been diffi-
cult to decipher (Marquardt and Pfaff 2001). Coexpres-
sion of Ngn2 with Olig2 in the dorsal neural tube of
chick embryos has been found to enhance the ability of
Olig2 to trigger the ectopic formation of motor neurons
(Mizuguchi et al. 2001). This seems consistent with the
finding that pMN cells express both Olig2 and Ngn2 dur-
ing the period in which their progeny become motor neu-
rons (Mizuguchi et al. 2001). Nevertheless, these find-
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ings have been hard to reconcile with the observation
that Olig2 misexpression is sufficient on its own to in-
duce transcription of the endogenous Ngn2 gene in dor-
sal-neural tube cells (Novitch et al. 2001). A complicat-
ing issue that also remains poorly understood is the re-
stricted ability of Olig2 to promote ectopic motor neuron
formation. Unlike other transcription factors such as
MNR2, Nkx6.1, and Isl1 plus Lhx3, which trigger motor
neuron differentiation along the entire dorsal-ventral
axis of the neural tube when ectopically expressed (Tan-
abe et al. 1998; Briscoe et al. 2000; Thaler et al. 2002),
ectopic motor neuron formation triggered by Olig2 is
restricted to a more isolated region of the neural tube
just dorsal to the endogenous motor neuron population
(pV2 cells) (Mizuguchi et al. 2001; Novitch et al. 2001).
Interestingly, pMN and pV2 cells share the expression of
Ngn2 and Lhx3 (Mizuguchi et al. 2001; Scardigli et al.
2001; Thaler et al. 2002), and the presence of these fac-
tors might facilitate the ability of Olig2 to drive motor
neuron formation (Mizuguchi et al. 2001).

As pMN cells commit to become post-mitotic motor
neurons, numerous changes in gene expression occur.
Ngn2 is replaced by the proneural bHLH factors NeuroM
and then NeuroD, which have similar functions to that
of Ngn2 in the way they contribute to motor neuron
specification (Lee and Pfaff 2003; Lee et al. 2004). In ad-
dition, the LIM homeodomain factors Isl1 and Lhx3/4
become coexpressed at this transition point, allowing a
heteromeric ternary complex to form with the nuclear
LIM interactor protein NLI (Ldb, Clim) (Thaler et al.
2002). This homeodomain complex synergizes with the
proneural bHLH factors present in these cells and regu-
lates the expression of genes such as Hb9 involved in the
post-mitotic development of motor neurons (Arber et al.
1999; Thaler et al. 1999; Lee and Pfaff 2003). In contrast
to the bHLH factors NeuroM/D, however, Oligl/2 are
abruptly extinguished from developing motor neurons as
they develop from pMN cells (Lu et al. 2000; Zhou et al.
2000; Mizuguchi et al. 2001; Novitch et al. 2001). Thus,
while Ngn2 and Olig2 are both bHLH factors expressed
by multipotential precursors, Ngn2 is extinguished from
the progeny that become oligodendrocytes and Olig2. is
down-regulated in the daughters that become motor neu-
rons.

To better understand how the activity of Olig2 is
modulated to control gene expression for motor neuron
formation at early stages of pMN development, we in-
vestigated the functional relationship between Olig2 and
Ngn2. We found that individual pMN cells contain het-
erogeneous levels of Olig2 and Ngn2 protein during the
period of motor neuron generation. The transcriptional
activity of Ngn2 mediated by binding to E-box elements
is found to be antagonized by Olig2. The mechanistic
basis for this antagonism appears to be through competi-
tive binding for E-box elements as well as squelching the
A class bHLH E47 dimerization partner away from
Ngn2. Functional studies indicate that Olig2 down-regu-
lation is an obligatory requirement for releasing pMN
cells from their inhibitory block on post-mitotic motor
neuron formation. Thus, Ngn2 and Olig2 appear to have
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cross-regulatory interactions and cross-functional inter-
actions that control the fate of pMN cells.

Results

PMN cells express Olig2 and Ngn2 heterogeneously

To investigate the relationship between Olig2 and Ngn2
in motor neuron progenitor cells (pMNs), we first exam-
ined the expression of these two proteins in the devel-
oping chick neural tube using immunocytochemistry.
At Hamburger Hamilton (HH) stage 17 (Hamburger and
Hamilton 1951), a peak period of motor neuron genera-
tion, Olig2 and Ngn2 are detected in the nuclei of pMN
cells (Fig. 1A,B; Mizuguchi et al. 2001; Novitch et al.
2001; Scardigli et al. 2001). Ngn2 is also found in non-
PMN cells located more dorsally in the progenitor cells
for V2 interneurons, as well as other classes of differen-
tiating neurons in the dorsal neural tube (Scardigli et al.
2001). Within the pMN domain the overlap between
Olig2 and Ngn2 was extensive; however, relative levels
of the proteins within individual nuclei varied (Fig. 1C).
This heterogeneity among cells within the pMN domain
became even more apparent at HH stage 21 when motor
neuron differentiation ceases. At this point we found

Figure 1. Immunohistochemical analysis of bHLH transcrip-
tion factor expression in the developing chick neural tube. (A,B)
Olig2 and Ngn2 are coexpressed in chick embryo pMN cells (red
bracket, A) at HH stage 17. Ngn2 is also expressed in Olig2~ pV2
cells (green bracket, A) and dorsally located post-mitotic cells.
(C) Enlargement of the boxed area in B reveals that the relative
levels of Ngn2 and Olig2 vary within individual pMN cells.
This results in a mix of red (Olig2"®#") and yellow (Olig2*/
Ngn2*) labeling. (D-E) At HH stage 21, Olig2*/Ngn2* cells are
located at the subventricular zone where motor neurons
emerge. In contrast, Olig2*/Ngn2~ cells are predominantly
found medially in the proliferative ventricular zone. (F) Enlarge-
ment of the boxed area in E reveals reduced levels of Ngn2 in the
Olig2* pMN cells at HH stage 21. The medial (m) to lateral (1)
orientation of the ventricular zone is shown in B, C, E, and F.
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that Ngn2 was down-regulated in the pMN cell domain
and Olig2 labeling became more prominent (Fig. 1D-F).

Olig2 antagonizes the neurogenic activity of Ngn2

Ngn2 is a neurogenic bHLH transcription factor that pro-
motes cell cycle exit and the up-regulation of pan-neu-
ronal genes in neuroepithelial cells. As expected, trans-
fection of mouse embryonic P19 cells with an Ngn2-
expression construct activates expression of the pan-
neuronal genes B-tubulin and neurofilament (Fig. 2A,B,E;
Farah et al. 2000; Lee and Pfaff 2003; data not shown). In
addition, the shape of Ngn2-expressing P19 cells changes
from an epithelial to a neuronal morphology with neu-
rite processes extending from the cell bodies. Olig2 is
found to promote neurogenesis when ectopically ex-
pressed in the chick embryo neural tube (Mizuguchi et
al. 2001; Novitch et al. 2001). In P19 cells, however, we
found that Olig2 was much less efficient than Ngn2 at
activating neuronal gene expression and driving the mor-
phological conversion of these cultured cells into neu-
rons (Fig. 2C-E). Thus, Olig2 has weaker neurogenic ac-
tivity than Ngn2 in P19 cells.

The apparent differences in neurogenic activity of
Olig2 compared to Ngn2 prompted us to test whether
these factors could function additively or perhaps syner-
gize to promote neuronal differentiation. We cotrans-
fected Ngn2 and Olig2 expression constructs into P19
cells and monitored neuronal differentiation. While 50%
of the cells transfected with Ngn2 expressed the neuro-
nal marker B-tubulin within 24 h, no cells were labeled
following Olig2 transfection (Fig. 2E). The addition of
Ngn2 and Olig2 failed to enhance neurogenesis, and in-
stead neuronal differentiation was suppressed from the
levels obtained with Ngn2 alone (Fig. 2E). Thus, no evi-
dence was found for cooperation between Ngn2 and
Olig2 in neurogenesis, and instead Olig2 seemed to in-
terfere with the ability of Ngn2 to promote neuronal
differentiation.

Misexpression and loss-of-function studies have
shown that Olig proteins activate Ngn2 expression (No-
vitch et al. 2001; Lu et al. 2002; Zhou and Anderson
2002). This regulatory link combined with the func-
tional interactions between Olig2 and Ngn2 in P19 cells
hinted that a complex feedback relationship might exist
between these transcription factors in the spinal cord.
This prompted us to compare the neurogenic activity of
Ngn2 alone to that of Olig2, an inducer of Ngn2, in elec-
troporated chick embryo neural tube cells. Under similar
experimental conditions we found that Ngn2 was more
efficient than Olig2 at triggering expression of the neu-
ronal marker TuJ (Fig. 2F-K). Normally TuJ1* cells are
located laterally in the neural tube (see nonelectropor-
ated side of neural tube) (Fig. 2F,I). In contrast, Ngn2
activated TuJl expression across the entire medial-lat-
eral axis of the neural tube (Fig. 2H). Olig2 failed to ac-
tivate TuJl medially, and most Olig2-expressing cells
lacked the neuronal marker (Fig. 2J,K). These findings
indicated that the probability of neuronal differentiation
was greater for cells with Ngn2 than for cells with Olig2.
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Figure 2. Olig2 attenuates the neurogenic activity of Ngn2. (A-D) Neuronal differentiation assays in transfected P19 cells cultured
3 d using anti-B tubulin neuronal marker antibody TuJ1 (red). (A) P19 cells transfected with GFP vector control lack TuJ1* neurons.
(B) Ngn2 triggers B-tubulin expression (red) in most transfected cells (green), and induces the formation of neurite processes (arrow-
heads). (C) Olig2 failed to drive neuronal differentiation in P19 cells. (D) Olig2 markedly reduced the ability of Ngn2 to induce
B-tubulin expression and prevented the formation of neurite processes. (E) The neurogenic activity of Ngn2 and Olig2 was determined
by calculating the percentage of transfected cells (GFP*) labeled by TuJ1 after 1 d in culture. (F~K) TuJ1 neuronal marker induction in
chick embryo neural tubes 43 h post-electroporation. (F-H) Ngn2 induces ectopic and precocious TuJl neuronal marker expression.
Many Ngn2* cells coexpress TuJl (yellow) and TuJ1 labeling of neurons is detected across the medial (m) lateral (1) axis of the neural
tube. The box in F corresponds to approximate regions shown in G and H. (I-K) Olig2 is less efficient than Ngn2 at driving neuronal
differentiation. In contrast to Ngn2, Olig2* cells rarely express TuJ1 and fewer TuJ1* cells are detected across the m-1 axis. The boxed

area in I corresponds to images in J and K.

Constitutive Olig2 expression interferes with motor
neuron generation

The misexpression of Olig2 triggers ectopic motor neu-
ron generation; however, it is relatively inefficient, and
its activity is restricted to the V2 interneuron domain
just dorsal to motor neurons (Mizuguchi et al. 2001; No-
vitch et al. 2001). To examine the function of Olig2 in
motor neuron specification, we began by using CMV-
based promoters to drive constitutive expression of
Olig2~ires—GFP in electroporated chick embryo neural
tube progenitor cells. The pattern of GFP expression was
then correlated with the effect of Olig2 on motor neuron
generation.

Two distinct phenotypes were observed in the neural
tube following Olig2 misexpression that appeared to de-
pend on the ratio of electroporated to nonelectroporated
cells. Embryos in which forced expression of Olig2 was
achieved in a majority of neural tube cells unexpectedly
generated reduced numbers of post-mitotic motor neu-
rons marked by the Isl1 protein (Fig. 3A-C). We consid-
ered the possibility that this was a nonspecific effect;
however, these embryos still generated ectopic motor
neurons in the V2 domain, which supports the argument
against a general block in motor neuron development
(Fig. 3C). Embryos with a mosaic distribution of Olig2
expression generated motor neurons in normal numbers
from the pMN domain; however, we noted a selective
bias in the distribution of Olig2-electroporated cells
marked by GFP. A conspicuous gap in the GFP labeling
around the endogenous Isl1* motor neuron domain indi-
cated that Olig2-expressing cells were selected against
becoming motor neurons (Fig. 3D-F). Together these
findings suggest that the maintenance of high Olig2 lev-
els interferes with the proper generation of post-mitotic

motor neurons, whereas motor neurons generated ecto-
pically in the V2 domain appeared resistant to this effect.

The inhibitory effects of Olig2 on motor neuron dif-
ferentiation were counter to our expectations. Therefore,
we considered the possibility that this might represent a
“premature differentiation” phenotype caused indirectly
by driving neuroepithelial cells into a terminal pathway
of neuronal differentiation. In principle, this could re-
duce the overall number of motor neurons by rapidly
depleting the progenitor cell reservoir. Although the con-
ditions we used to express Olig2 appeared to be relatively
neutral, neither promoting nor inhibiting neurogenesis,
we attempted to circumvent this potential complication
by testing the activity of Olig2 in cells artificially forced
to become motor neurons through the ectopic expression
of Isl1 and Lhx3. Inclusion of Ngn2 with the LIM factors
has been shown to enhance motor neuron formation by
approximately sixfold (Fig. 3G; Lee and Pfaff 2003). Be-
cause Olig2 activates Ngn2 expression (Novitch et al.
2001), we expected that coexpression of Olig2 together
with Isll and Lhx3 would likewise enhance the activity
of the LIM factors. Nevertheless, we found that Olig2
was unable to enhance the activity of Isll and Lhx3
(Fig. 3G).

Next we examined the functional relationship be-
tween Olig2 and the LIM factors using P19 cell transfec-
tions and the Hb9 marker to monitor motor neuron dif-
ferentiation. Although Olig2 is able to promote ectopic
motor neuron formation in the neural tube (see Fig. 3C,F;
Mizuguchi et al. 2001; Novitch et al. 2001), it was unable
to specify the motor neuron fate in P19 cells (Fig. 3H).
Moreover, Olig2 lacked the ability to synergize with Isl1
and Lhx3 to trigger motor neuron differentiation, where-
as Ngn2 cooperated strongly with the LIM proteins (Fig.
3H; Lee and Pfaff 2003). Our results demonstrate that
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Figure 3. Constitutive expression of Olig2 is det-
rimental to motor neuron generation. (A-F) Immu-
nocytochemical analysis of motor neuron differen-
tiation monitored using the Isll marker of these
cells in HH stage 20 chick embryos electroporated
with CMV-0lig2-ires-GFP. (A-C) In embryos with
a high percentage of electroporated (GFP*) cells, Isl1
levels were markedly reduced in the endogenous
motor neuron domain concomitant with develop-
ment of ectopic motor neurons (ect. MNs) in the V2
domain. The box in B corresponds to the image in
C. (D-F) Electroporated embryos with a mosaic dis-
tribution of Olig2 marked by more scattered GFP
labeling exhibited a selective bias in the distribu-
tion of Olig2-expressing cells. Because of apparent
sorting, motor neurons developed normally but
were derived from cells lacking constitutive Olig2.
Again, ectopic motor neurons were detected (ect.
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MNs). The box in E corresponds to image in F. (G) Motor neuron differentiation analysis (Hb9* cells) in HH stage 22 chick embryos
electroporated with the indicated LIM and bHLH constructs. Coelectroporation of Ngn2 with Isl1 and Lhx3 potentiates motor neuron
generation, whereas Olig2 lacks this stimulatory effect. (H) Motor neuron induction assays in P19 cells. Olig2 expression alone or in
combination with Ngn2 failed to trigger motor neuron differentiation. Unlike Ngn2, Olig2 is unable to synergize with Isl1 and Lhx3

to specify motor neurons.

Olig2 and Ngn2 differ in their ability to synergize with
LIM homeodomain factors to specify motor neurons.

Olig2 represses the Hb9 motor neuron gene

During spinal cord development Olig2 is down-regulated
in differentiating motor neurons, but it is maintained in
PMN progenitor cells and differentiating oligodendro-
cytes (Fig. 4A,B; Lu et al. 2000; Zhou et al. 2000; Mizu-
guchi et al. 2001; Novitch et al. 2001; Zhou et al. 2001).
The negative effect of Olig2 on endogenous motor neu-
ron differentiation when expressed constitutively, com-
bined with the finding that Olig2 is excluded from motor
neurons as they differentiate, prompted us to ask
whether Olig2 affects post-mitotic motor neuron gene
expression. To test this we coexpressed Olig2 with regu-
latory elements from the Hb9 gene (Hb9:: GFP) that di-
rect gene expression to post-mitotic motor neurons (Lee
et al. 2004). Electroporation of Hb9:: GFP into the chick
neural tube resulted in GFP expression in post-mitotic
motor neurons, whereas Olig2* pMN cells were unla-
beled (Fig. 4C). Coelectroporating Hb9:: GFP together
with CMV constructs that drive the constitutive expres-
sion of Olig2 blocked GFP expression in post-mitotic
motor neurons (Fig. 4D,E). As expected, the inclusion of
Olig2 triggered the formation of ectopic GFP* motor
neurons in the V2 domain, supporting the argument
against a nonspecific suppression of Hb9 expression by
Olig2 (Fig. 4E). In addition, this provides further evidence
that the regulatory interactions in the V2 cell domain
differ from those in the endogenous motor neuron popu-
lation. Next we tested whether DNA binding is a pre-
requisite for Olig2 to suppress Hb9 transcription. The
Olig2 DNA-binding mutant Olig2-AQ was less active at
suppressing Hb9 :: GFP expression than the native Olig2
protein (Fig. 4F), suggesting that Olig2 must bind to the
Hb9 gene to efficiently suppress its expression.
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Olig2 interacts with E-box elements to suppress
gene expression

To better understand the mechanism by which Olig2
suppresses gene expression in post-mitotic motor neu-
rons, we investigated how the Hb9 gene was negatively
regulated by this bHLH factor. Previous studies have
shown that protein complexes consisting of Ngn2:E47
interact with two E-box elements located within the
M50 and M100 segments of the Hb9 enhancer and syn-
ergize with DNA-bound complexes of Isll and Lhx3 to
promote high-level gene expression in post-mitotic mo-
tor neurons (Fig. 5A; Lee and Pfaff 2003; Lee et al. 2004).
Point mutations within the M50 E-box were found to
unmask the repression of the Hb9 promoter in the pMN
cell domain, leading to ectopic expression of the GFP
reporter in transgenic mice (data not shown) and electro-
porated chick embryos (Fig. 5A,B). Mutation of the M100
E-box element also resulted in premature expression of
GFP in motor neuron progenitors (Fig. 5A). Likewise,
combining point mutations in both the M50 and M100
E-box elements dramatically reduced the level of en-
hancer activity in motor neurons and led to the derepres-
sion of the reporter in pMN cells (Fig. 5A). These results
suggested that the E-box sequences within the Hb9 en-
hancer are bifunctional regulatory elements: acting to
repress premature Hb9 expression in Olig2* pMN cells,
and to activate transcription in post-mitotic motor neu-
rons.

Since binding sites for Olig2 have not been defined, we
first tested whether Olig2 could interact with the E-box
elements within the M50 and M100 regions of the en-
hancer. Mobility shift experiments detected binding to
both E-box elements in a manner that required the intact
basic domain of Olig2 (Fig. 5C; data not shown). Com-
petition with unlabeled oligonucleotides containing the
native M50 E-box sequence, point mutated E-box, or un-
related sequence showed that only the native E-box se-
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Figure 4. Olig2 represses gene expression in post-mitotic mo-
tor neurons. (A,B) Immunohistochemical analysis of embryonic
day 10.5-11.5 (E10.5-E11.5) mouse ventral neural tube with an-
tibodies against Olig2 (red) and the motor neuron marker Hb9
(green). pMN cells located laterally down-regulate Olig2 as they
differentiate into Hb9* motor neurons. In contrast, undifferen-
tiated pMN cells within the ventricular zone maintain Olig2
expression. (C-F) GFP labeling driven from a reporter
(Hb9:: GFP) containing the motor neuron enhancer (M250 ele-
ment, MN¥) isolated from the Hb9 gene (Lee et al. 2004) in
combination with Olig2 or Hb9/MNR2 expression in HH stage
24 chick embryos. MNR2 monoclonal antibody staining detects
two Hb9-related proteins in chick, MNR2 in progenitors and
young motor neurons, and to a lesser extent Hb9 in mature
motor neurons (Tanabe et al. 1998). (C) Electroporation of
Hb9:: GFP results in GFP expression (green) in post-mitotic mo-
tor neurons but not Olig2* (red) pMN cells. (D) Electroporation
of the Hb9::GFP promoter construct labels only the lateral
Hb9/MNR2* cells (yellow). (E) Constitutive expression of Olig2
suppressed Hb9:: GFP in post-mitotic motor neurons, but in-
duced GFP expression in the V2 interneuron domain where ec-
topic motor neurons form (ect. MNs). (F) The Olig2-AQ DNA-
binding mutant is less efficient at suppressing Hb9:: GFP pro-
moter activity in motor neurons and fails to induce ectopic
expression of GFP in the V2 domain.

quence could compete for Olig2 binding (Fig. 5D). These
results provide strong evidence that Olig2 binds to DNA
in a sequence-specific manner. In general, cell-type-re-
stricted bHLH proteins (B class factors) require het-
erodimerization with more broadly distributed A class
bHLH proteins such as E12 and E47 to bind DNA and
activate transcription (Henthorn et al. 1990; Hu et al.
1992). We next used antibodies to specific components of
the bHLH complexes to determine whether Olig2 part-
nered with other factors to bind DNA. We found that
DNA-bound complexes of Olig2:E47 could be detected
by supershift analysis; however, the preferred complex
appeared to be generated by Olig2 alone (Fig. 5E). Because
Olig2 readily self-associates (see below), the Olig2-alone
DNA complexes detected in our binding reactions are
likely to represent Olig2:0lig2 complexes.

To establish whether Olig2 could bind to the E-box
elements within the Hb9 promoter in vivo, we used
chromatin immunoprecipitation (ChIP) to monitor pro-
tein-DNA interactions. Wild-type Olig2 was found to
bind the Hb9 promoter following P19 cell transfection,
whereas the DNA-binding mutant Olig2-AQ failed to
interact with the Hb9 gene (Fig. 5F). Next we tested
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whether mutations in the E-boxes of Hb9 would disrupt
Olig2’s interactions with DNA. Indeed, wild-type Olig2
failed to interact with the Hb9 enhancer containing E-
box mutations in the M250 regulatory element (Fig. 5G),
consistent with the in vitro binding detected using
EMSA. Taken together, our data provide strong evidence
that Olig2 binds directly to the E-box elements within
the Hb9 gene.

Olig2 protein-protein interactions

Recent studies have shown that Olig2 binds to the ho-
meodomain transcription factor Nkx2.2 and the Id2/4
helix-loop-helix proteins (Sun et al. 2003; Samanta and
Kessler 2004). We further characterized Olig2 interac-
tions with basic helix-loop-helix proteins using yeast
two-hybrid and immunoprecipitation assays. The yeast
assay detected a strong self-binding between Olig2 pro-
teins, as well as weaker heterointeractions with E47 and
Ngn2 (Fig. 6A,B; Samanta and Kessler 2004; data not
shown). In contrast, B class bHLH factors such as Ngn2
or NeuroM were unable to self-bind, and only formed
heterodimers with A class factors such as E47 (Fig. 6A,B;
data not shown). Immunoprecipitations of in vitro ex-
pressed proteins were used as an independent measure
for examining these protein—protein interactions. Con-
sistent with the results from the yeast two-hybrid analy-
sis, we found that HA-tagged Olig2 interacted strongly
with Flag-tagged Olig2 and to a lesser degree with Flag-
tagged Ngn2 (Fig. 6C). Conversely, HA-tagged Ngn2 was
found to precipitate with Flag-tagged Olig2 and E47 (Fig.
6C). Taken together, the protein interaction and DNA-
binding studies suggest that both homo- and heteromeric
forms of Olig2 can bind E-box elements, although the
homomeric Olig2-Olig2 complex appears to be the pre-
ferred species (Fig. 5E).

Olig2 represses transcription

The finding that E-box elements mediate silencing of
post-mitotic motor neuron genes in pMN cells, com-
bined with the observation that Olig2 binds to E-box
elements, raised the possibility that Olig2 is a direct
transcriptional repressor of the Hb9 gene acting to block
its premature expression in the progenitor cells for mo-
tor neurons and oligodendrocytes. To test this hypoth-
esis, 293 cells were transfected with luciferase reporters
and Olig2-expression constructs. The native Olig2 pro-
tein strongly repressed Hb9-enhancer activity, whereas
the DNA-binding mutant Olig2-AQ failed to repress
transcription (Fig. 7A). Mutation of the E-boxes within
the motor neuron enhancer attenuated the ability of
Olig2 to repress Hb9 transcription (Supplementary Fig.
S1A), in agreement with the finding that these muta-
tions disrupt Olig2-DNA binding. Taken together, these
findings indicate that Olig2 is a direct repressor of the
Hb9 gene.

Since the activator Ngn2 and repressor Olig2 are co-
expressed in pMN cells and both bind to E-box elements,
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we examined whether a competitive relationship might
exist between these two types of transcription factors.
Ngn2 stimulated transcription from an E-box:luciferase
reporter in both 293 and P19 cells, as expected (Fig. 7B;
Supplementary Fig. S1B). The addition of Olig2, how-
ever, interfered with the activation of the E-box reporter
by Ngn2 (Fig. 7B; Supplementary Fig. S1B). In principle,
the inhibitory effect of Olig2 on transcription could be
based on a mechanism that requires DNA binding and/or
protein—protein interactions independent from DNA
binding. To test which mechanism(s) accounts for Olig2-
mediated repression, we examined whether DNA-bind-
ing mutants of Olig2 (Olig2-AQ) could suppress Ngn2-
mediated activation via potential protein interactions
that might squelch the activity of Ngn2:E47 complexes.
We found that Olig2-AQ was partially, but not fully, able
to suppress Ngn2-mediated activation (Supplementary
Fig. S1B), suggesting that DNA binding contributes to
repression.

Previous studies have firmly established that Olig2
functions as a dedicated transcriptional repressor in or-
der to specify motor neuron and oligodendrocyte cell fate
(Mizuguchi et al. 2001; Novitch et al. 2001; Qi et al.
2001). Gal4-based assays have demonstrated that Olig2
can recruit corepressors in Cos-1 cells (Novitch et al.
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2001), but the ability of native Olig2 to recruit corepres-
sors in the neural tube to repress transcription was un-
known. We coelectroporated Gal4 alone, Gal4-Olig2,
and Gal4-Ngn2 together with a UAS-LacZ reporter and
monitored whether LacZ expression was repressed or ac-
tivated. The UAS reporter was expressed throughout the
dorsal-ventral axis of the neural tube in the presence of
Gal4 alone, and expression was enhanced by Gal4-Ngn2
(Fig. 7C-E,I-K). In contrast, the reporter was suppressed
by Gal4-Olig2 fusions (Fig. 7F-H). These studies indicate
that Olig2 can recruit corepressors that are widely avail-

Figure 5. Olig2 interacts with bifunctional activator/suppres-
sor E-boxes within Hb9. (A) Schematic representation of the
M250 motor neuron enhancer element isolated from the Hb9
gene linked to the proximal region of the Hb9 promoter (ANhe).
Two evolutionarily conserved E-boxes are located within the
enhancer (M50 E-box and M100 E-box) (Lee et al. 2004). Wild-
type and E-box mutants were electroporated into chick em-
bryos, and the relative level of GFP in motor neurons (MN Exp.)
and ectopic sites (Ect. Exp.) was monitored at HH stage 24. The
table is representative of ~10 embryos for each construct (+++
indicates strong expression; ++ indicates moderate expression; +
indicates low-level expression). (B) The wild-type M250 en-
hancer in the Hb9:: GFP reporter is inactive in the pMN cell
domain marked by Olig2 expression (red). In contrast, mutation
of the M50 E-box element within M250 results in the derepres-
sion of Hb9 expression in the progenitor cell domain. Likewise,
mutation of the M100 E-box, and M50 and M100 E-boxes in
combination, also led to ectopic expression in the pMN domain
(A; data not shown). (C,D) Gel retardation assays using the
MI100A probe containing the M100 E-box from the Hb9 en-
hancer (Lee et al. 2004). (C) Olig2 binds to the M100A oligo-
nucleotide, whereas the Olig2 DNA-binding mutant Olig2-AQ
lacks this activity. The M100A DNA-Olig2 protein complex
was supershifted by antibody against the Flag epitope tag, but
not by control IgG antibody. Probes for the M50 E-box element
exhibit the same pattern of Olig2 binding (data not shown). (D)
The M100A DNA-Olig2 protein interaction was challenged by
20- or 100-fold molar excess of the unlabeled M100A probe
(Self), E-box mutated M100A (E-mt), or unrelated oligo (Non-
self). Olig2 interacts with DNA E-box elements in a sequence-
specific manner. (E) A presumed Olig2/Olig2 homodimer and
Olig2/E47 heterodimer bind to the E-box site within the M100A
probe. Similar results were obtained with the E-box site within
the M50 probe (data not shown). Flag-tagged Olig2 and HA-
tagged E47 were translated in vitro separately and incubated
with the M100A DNA. Supershift assays using antibodies
against the HA or Flag epitope tags confirmed the protein com-
position in each complex. (F,G) Chromatin immunoprecipita-
tion experiments in transfected P19 cells. (F) Flag-tagged Olig2
wt (wild type) is detected bound to the endogenous Hb9 pro-
moter, whereas the DNA-binding mutant Olig2-AQ failed to
interact with this DNA sequence. Western blot analysis detects
similar levels of protein expression. (G) Flag-tagged Olig2 wt
was transfected into P19 cells with two derivatives of the Hb9
promoter: one carrying the native motor neuron enhancer
(M250 wt) and the other with mutated E-box elements (M250
Emt). Primers that were selective for the transfected Hb9 pro-
moter construct were used as shown in the schematic. Olig2
failed to bind to the Hb9 promoter with mutated E-box ele-
ments.



A
X-gal LexA
assays Olig2 Ngn2
vector 1]
21 )
R BERANAN R R 1Y
oigz [FEMAY 1IN
Ngr2 TEE RSN TTRY
B
> 90
z®
70
s ~ o 3 %,
ool S0 2 o 2
bt oE D g ¢
22155695 2 2
o
°© 10
c
(o]
2nd IP (HA) Olig2 Ngn2
1stiP (Flagf'vec Olige Ngn2' " Vec E47 Olig2’
o —
5 _
-] - 70
I=3
(=}

i - - e HNgn2
Olig2 » . - 9
. — « E47
5 70
£
Olig2 ‘ Qlig2
Ols? | s S g - - ® =

Figure 6. Olig2 self-associates and forms weak heterointerac-
tions with E47 and Ngn2. (A,B) Protein interactions between
bHLH factors assayed using the yeast two-hybrid assay. Olig2
protein interacts strongly with itself, and weakly with E47 and
Ngn2. Ngn2 does not self-associate but forms high-affinity het-
erodimers with E47. (C) In vitro pull-down assays using Flag and
HA epitope tags for immunoprecipitation. Proteins were co-
translated with 3°S-labeled methionine, then complexes were
isolated with Flag antibody, dissociated, and HA-proteins were
identified by immunopurification and electrophoresis. Olig2 as-
sociates strongly with itself. Olig2 and Ngn2 appear to interact
with lower affinity.

able within the neural tube to actively silence gene ex-
pression.

Discussion

Spinal pMN cells represent a discrete subpopulation of
bipotential neuroepithelial precursors that produce mo-
tor neurons and oligodendrocytes (Richardson et al.
2000; Briscoe and Ericson 2001). These progenitor cells
are marked by a unique combination of bHLH and ho-
meodomain transcription factors that become serially
activated as these cells develop (Briscoe et al. 2000; Mi-
zuguchi et al. 2001; Novitch et al. 2001; Zhou et al.
2001). Since the mechanisms that direct the fate of pMN
cells toward a neuronal versus a glial identity are poorly
understood, we examined how gene regulation is con-
trolled at the transition point when these progenitor
cells generate motor neuron progeny. We provide evi-
dence that the bHLH transcription factor Olig2 func-
tions as a pMN “maintenance” factor that blocks gene
expression for post-mitotic motor neuron formation.

Motor neuron specification

This function appears to represent a control measure for
preventing the overproduction of motor neurons at the
expense of precursors for oligodendrocytes. Below we
discuss how the regulatory interactions between Olig2
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Figure 7. Olig2 and Ngn2 function antagonistically to control
gene expression. (A) Olig2 strongly inhibited luciferase expres-
sion in 293 cells driven from the Hb9 motor neuron enhancer
construct Hb9:: Luc. The Olig2-AQ DNA-binding mutant was
not able to repress luciferase expression. (B) Olig2 suppressed
Ngn2-mediated trans-activation of an E-box reporter in 293
cells. (C-K) In vivo Gal4-based assays to measure corepressor
function with a UAS-LacZ construct in HH stage 24 electropor-
ated chick embryo neural tubes. CMV-GFP is included as an
independent electroporation control in the assays. (C-E) Gal4
alone does not suppress LacZ expression. (F~-H) The Gal4-Olig2
fusion strongly inhibits LacZ expression along the entire dorsal-
ventral axis of the neural tube, but does not interfere with GFP.
(I-K) Gal4-Ngn2 has the opposite effect of Olig2 and stimulates
LacZ expression.
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and Ngn2 are used to form a molecular switch for con-
trolling the development of pMN cells.

A bHLH network for directing the fate of pMN cells

An early step in the process of cell fate specification in
the neural tube is the establishment of progenitor cell
populations allocated for the production of specific prog-
eny (Briscoe et al. 2000; Jessell 2000). This phase of de-
velopment is associated with the expression of unique
combinations of bHLH and homeodomain transcription
factors involved in setting the proper patterns of gene
expression for controlling cell identity. pMN cells
marked by Olig2, however, appear to retain a certain
degree of plasticity during early stages of neural tube
development (Richardson et al. 2000). For example, cell
marking experiments in zebrafish show that secondary
motor neurons and oligodendrocyte precursors arise
from a common progenitor pool (Park et al. 2004). The
transcriptional code that sets pMN cells apart from
neighboring neuroepithelial cells is established sequen-
tially and is first comprised of the homeodomain pro-
teins Pax6 and Nkx6.1, followed shortly thereafter by
the appearance of Olig2 (Fig. 8A; Briscoe et al. 2000; No-
vitch et al. 2001). Olig2 represents a key regulator of
pMN development because it primes these precursors to
become motor neurons by coordinately activating bHLH
factors for neurogenesis and homeodomain factors for
neuronal subtype specification (Novitch et al. 2001).

Our studies suggest that Olig2 not only activates the
expression of transcriptional pathways for motor neuron
specification but also antagonizes the further differentia-
tion of pMN cells by repressing the expression of genes
such as Hb9 involved in post-mitotic motor neuron dif-
ferentiation. Thus, Olig2 functions to first establish and
then maintain the transient pMN cell population in the
neural tube. The antagonistic function of Olig2 on the
further development of pMN cells may explain why mis-
expression studies have uncovered a dichotomy between
its ability to activate genes such as Ngn2 and Lhx3 that
contribute to motor neuron formation and its ability to
actually trigger the formation of ectopic post-mitotic
motor neurons (Mizuguchi et al. 2001; Novitch et al.
2001). Although the blockade of post-mitotic motor neu-
ron differentiation by Olig2 is well suited to preserve
PMN cells into later stages of development for oligoden-
drocyte formation, it raises the question of how motor
neurons are produced when their progenitors express
this inhibitory factor. We found that Ngn2 functions as a
counterbalance to Olig2. This finding combined with the
observation that Olig2 promotes the expression of Ngn2
(Mizuguchi et al. 2001; Novitch et al. 2001; Lu et al.
2002; Zhou and Anderson 2002) provides evidence that a
negative-feedback loop is operative in developing pMN
cells based on a network of bHLH factors.

Examination of the bHLH profiles in pMN cells indi-
cates that they express heterogeneous levels of Olig2 and
Ngn2. The variation among individual cells in their lev-
els of these bHLH factors might serve as the basis for
allowing a subset of pMN cells to differentiate into mo-
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Figure 8. Model of Olig2 and Ngn2 function in motor neuron
specification. (A) A transcriptional cascade initiated by Shh and
RA leads to the expression of Olig2 in pMN cells that serve as
the precursors for motor neurons and oligodendrocytes. Olig2
occupies a key nodal point in the pathway, contributing to the
regulation of homeodomain factors for motor neuron subtype
specification (Mnr2, Lhx3, Isl1), and bHLH factors (Ngn2, Neu-
roM/D) for neurogenesis and synergistic cooperation with the
homeodomain factors. Here we provide evidence that a key
function of Olig2 is to maintain the progenitor cell state by
repressing the expression of genes such as Hb9 found in post-
mitotic motor neurons. (B) Olig2 and Ngn2 function antagonis-
tically to either suppress or activate motor neuron gene expres-
sion, respectively. The fate decision of pMN cells to become
post-mitotic motor neurons or remain in reserve for the later
formation of oligodendrocytes is thought to depend on the rela-
tive levels of the repressor Olig2 to the activators Ngn2 and
NeuroM/D. (C) Olig2 uses both DNA-dependent and DNA-in-
dependent mechanisms to suppress motor neuron gene expres-
sion in pMN cells. Protein—protein interactions between Olig2
and the activator proteins Ngn2 and E47 are likely to squelch
Ngn2:E47 dimer formation and minimize their ability to bind
and activate gene expression. In addition, the binding sites for
Olig2 complexes and Ngn2 complexes overlap, suggesting they
compete for their DNA targets.

tor neurons while preserving some of the progenitors for
oligodendrocyte formation. Cells located laterally in the
subventricular zone express the highest levels of Ngn2
relative to Olig2, whereas the most medial cells contain
higher levels of Olig2 compared to Ngn2. As motor neu-
rons emerge from the ventricular zone they extinguish
their expression of Olig2, whereas Ngn2 is down-regu-
lated in pMN cells as development progresses and oligo-



dendrocyte formation is initiated. Although Olig2 is
found to trigger the expression of Ngn2, the expression of
Ngn2 is likely fine tuned by integrating multiple regu-
latory inputs (Scardigli et al. 2001). For example, the
notch—delta pathway plays a prominent role in control-
ling the cell-to-cell patterns of proneural bHLH factor
expression (Bertrand et al. 2002). Zebrafish studies have
shown that Notch-signaling-deficient embryos express
elevated levels of Ngn and generate an excess of motor
neurons at the expense of oligodendrocyte precursors
(Appel and Eisen 1998; Park and Appel 2003). Con-
versely, enhanced notch signaling suppresses Ngn ex-
pression in Olig2" pMN cells favoring oligodendrocyte
development (Park and Appel 2003). These observations
combined with the findings in this report support a
model in which motor neuron differentiation is gated by
the relative levels of Ngn and Olig bHLH proteins in
PMN cells (Fig. 8B; Park and Appel 2003). Thus, progeni-
tors with Olig228%/Ngn!°¥ are predicted to serve as pro-
genitors for oligodendrocytes, whereas pMNs with
Olig2!°*/Ngn2Pieh are more likely to produce motor neu-
rons.

Gene regulation in spinal progenitor cells

The mechanistic underpinnings of Olig2’s activities in
PMN cells have previously been difficult to characterize
due to the lack of bona fide gene targets for this tran-
scription factor. The E-box elements within the motor
neuron enhancer of the Hb9 gene interact with Ngn2 and
NeuroM/D, which promote high-level transcription of
this homeodomain transcription factor involved in post-
mitotic motor neuron development (Lee and Pfaff 2003;
Lee et al. 2004). We found that point mutations within
the E-box elements cause premature transcription of
Hb9 in pMN progenitors due to the derepression of gen-
eral activators bound to the proximal promoter (Lee et al.
2004), which are capable of driving widespread transcrip-
tion of the Hb9 gene. Thus, E-box elements serve a dual
function in motor neuron development: to repress ex-
pression in progenitors and to activate transcription in
post-mitotic cells. We found that Olig2 binds in a se-
quence specific manner to the canonical E-box elements
within Hb9, but unlike other bHLH factors the binding
was not dependent on a heterodimerization protein part-
ner. Biochemical studies indicate that Olig2 can bind to
itself with high affinity, and to a lesser extent with A
class bHLH proteins such as E47 (Samanta and Kessler
2004) and B class partners such as Ngn2. The strong self-
dimerization of Olig2 combined with the ability of Olig2
to bind to E-box elements in the absence of heterodimer-
ization partners suggests that Olig2 binds DNA predomi-
nantly as a homodimer.

Based on the DNA- and protein-binding interactions
we have observed, Olig2 appears to use a combination of
passive and direct mechanisms for silencing post-mitotic
motor neuron gene expression (Fig. 8C). The protein-
protein interactions of Olig2 indicate that it can bind to
both E47 and Ngn2. This raised the possibility that Olig2
might be able to squelch the activity of these proteins in

Motor neuron specification

a manner that is analogous to the negative actions of the
Id proteins on the proneural bHLH factors (Norton 2000).
A prediction of this model is that DNA-binding mutants
of Olig2 (Olig2-AQ) should retain the ability to block
Ngn2:E47 activity. We found that Olig2-AQ could
slightly attenuate the activity of Ngn2:E47 in transcrip-
tion assays; however, this mutant form of Olig2 was
much less active than the native protein at suppressing
Hb9 reporters in post-mitotic motor neurons. These
findings suggest that negative-acting protein-protein
interactions probably account for only part of Olig2’s
repressor function. DNA-binding studies showed that
Olig2 interacts with E-box elements shared by
Ngn2:E47. Thus, Olig2 binding to DNA likely forces the
passive displacement of activator complexes comprised
of proneural bHLH proteins from DNA targets. In addi-
tion, Gal4-Olig2 fusions demonstrate that Olig2 recruits
corepressors that act in a dominant fashion to repress
transcription (Novitch et al. 2001). Thus, E-box elements
represent key sites for integrating both positive and
negative inputs for gene expression in motor neurons
and consequently serve an important role in controlling
the timing of gene expression.

The putative corepressors used by Olig2 to suppress
transcription have not been well characterized. Previous
studies have shown that the fusion of the groucho inter-
action domain from engrailed to the DNA-binding do-
main of Olig2 is sufficient to reconstitute its activity in
vivo (Mizuguchi et al. 2001; Novitch et al. 2001; Zhou et
al. 2001). Although Gro/TLE corepressors play a promi-
nent role in neural tube patterning (Muhr et al. 2001), it
remains unclear whether Olig2 normally interacts with
these corepressors or uses another family of proteins
such as the CtBPs to repress transcription. Nevertheless,
our in vivo analysis of Gal4-Olig2 repressor activity in-
dicates that Olig2 is able to recruit corepressors within a
broad population of cell types along the dorsal-ventral
axis of the neural tube. Furthermore, the wide distribu-
tion of Olig2 corepressor proteins suggests that these fac-
tors do not account for the limited ability of Olig2 to
trigger motor neuron differentiation when ectopically
expressed in the neural tube.

Motor neuron specification by Olig2

Our findings indicate that constitutive expression of
Olig2 is antagonistic to motor neuron differentiation;
however, one notable exception to this effect is observed
in the V2 interneuron domain of the spinal cord. Here,
vectors constitutively expressing Olig2 are able to trigger
ectopic motor neuron formation (Mizuguchi et al. 2001;
Novitch et al. 2001) and likewise fail to block Hb9 re-
porter expression (see Fig. 4E). The mechanistic basis for
this difference in the activity of Olig2 within the V2
interneuron domain is unknown, but could reside in the
precise temporal and spatial patterns and levels of other
bHLH factors that are likely to influence the function of
Olig2 through protein—protein interactions and compe-
tition for DNA binding. For example, inclusion of Ngn2
with Olig2 appears to enhance the ability of Olig2 to
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promote ectopic motor neuron differentiation in the
hindbrain (Mizuguchi et al. 2001). Regardless of the
mechanism, however, relieving the inhibitory block of
Olig2 on post-mitotic motor neuron gene expression cor-
relates with its ability to trigger motor neuron forma-
tion.

Our results and those of others suggest that Olig2 con-
tributes to the establishment of a pMN cell identity in
two ways: it acts to prime cells for differentiation by
derepressing (i.e., indirectly activating) genes for cell fate
specification and neurogenesis such as Lhx3 and Ngn2
(Mizuguchi et al. 2001; Novitch et al. 2001; Lu et al.
2002; Zhou and Anderson 2002), while at the same time
preventing their further differentiation. Our findings
suggest that an obligatory step for differentiation of the
endogenous motor neuron population is the down-regu-
lation of Olig2, in order to release the repressive block of
this factor on neurogenesis and post-mitotic motor neu-
ron gene expression. Consequently, the use of constitu-
tive drivers of Olig2 for misexpression are likely to gen-
erate ectopic pMN progenitor cells but obstruct their
further differentiation into motor neurons. By extension,
applications using Olig2 to convert stem cells into motor
neurons for treating diseases are likely to work more
efficiently if Olig2 is expressed transiently rather than
constitutively.

Materials and methods

DNA constructs

Mouse Olig2, Ngn2, and E47 were subcloned into pCS2 (Turner
and Weintraub 1994), pcDNA3 (Invitrogen) containing a HA or
Flag tag, pMES, pIRES2-EGFP (Clontech), pM (Clontech) encod-
ing the Gal4 DNA-binding domain, and LexA- and B42-vectors
(Gyuris et al. 1993) for yeast two-hybrid assays. Olig2-AQ point
mutant (Olig2 KR 119,120 AQ) was generated using a PCR-
based mutagenesis method (QuickChange; Stratagene). UAS-tk-
LacZ reporter (gift of R. Evans, Salk Institute, La Jolla, CA) and
pEGFP (Clontech) were used for in vivo Gal4-based tran-
scription assays. Isl1 and Lhx3 expressed from the pCS2 vector
and reporter constructs Hb9::GFP, Hb9::Luciferase, and
E-box::Luciferase have been described previously (Thaler et al.
2002; Lee and Pfaff 2003; Lee et al. 2004).

In ovo electroporation

Chick embryos (SPAFAS, McIntyre Farms) were incubated in a
humidified chamber and staged according to Hamburger and
Hamilton (HH) (Hamburger and Hamilton 1951). DNA con-
structs were injected into the lumens of HH stage 12-13 chick
embryonic spinal cords. Electroporation was performed using a
square wave electroporator (BTX) as described previously
(Itasaki et al. 1999; Nakamura et al. 2000). Incubated chicks
were harvested and analyzed at HH stage 18-25.

Immunocytochemistry

Immunohistochemistry was performed as described previously
(Thaler et al. 1999) using the following antibodies: mouse anti-
MNR2/HB9 (5C10) (Tanabe et al. 1998), rabbit anti-Hb9 (Thaler
et al. 1999), rabbit anti-Isl1 (Ericson et al. 1992), rabbit anti-LacZ
(Sigma), rabbit or guinea pig anti-Olig2 (Mizuguchi et al. 2001;
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Novitch et al. 2001), rabbit anti-Ngn2 (Zhou et al. 2001), and
mouse anti-B tubulin TuJ1 (BabCo).

Cell culture and transient transfection assays

293 and P19 cells were cultured in Dulbecco’s modified Eagle
medium or a-minimum essential medium supplemented with
10% bovine fetal serum. Cells were seeded into 48-well plates
and transient transfections were performed using Lipofect-
amine 2000 (Invitrogen) according to the manufacturer’s in-
struction. A CMV-B-galactosidase plasmid was cotransfected
for normalization of transfection efficiency, and empty vectors
were used to equalize the total amount of DNA. Cells were
harvested 36 h after transfection. Cell extracts were assayed for
luciferase activity and the values were corrected with B-galac-
tosidase activity. Data are represented as means of triplicate
values obtained from representative experiments. All transfec-
tions were repeated at least three times. For motor neuron in-
duction assays, P19 mouse embryonic cells were transfected,
and cultured for additional 2-3 d, fixed, and immunostained
with motor neuron marker anti-Hb9 antibody or pan-neuronal
marker anti- tubulin TuJ1 for analysis.

Electrophoretic mobility shift assays (EMSA) and chromatin
immunoprecipitation (ChIP)

EMSA was performed as previously described (Lee and Pfaff
2003). The sense sequence of M50 and M100A is shown below.
M50, 5'-GGAGTGGGCCACCTGTTCCTTTGGGTAATTATTT
TAATGTAAGGGG; MI100A, 5-CAGCCTTTCAGTGGAATTT
CCCAGATGGGCCAAGGGGAGGCCAGG. The E-box se-
quence in each oligo is underlined. ChIP experiments were per-
formed with P19 cells harvested 24 h after transfection with
Olig2-Flag-tagged expression constructs and cross-linked with
1% formaldehyde for 10 min. The nuclear fraction was isolated
and sonicated to shear genomic chromatin, clarified by centrifu-
gation, precleared with protein A beads, and immunoprecipi-
tated with anti-Flag antibody (Eastman Kodak) or control IgG
(Santa Cruz Biotechnology). Following immunoprecipitation
and immobilization of immunocomplexes, proteinase K diges-
tion was allowed to proceed at 65°C overnight. DNA was puri-
fied using QIAquick spin columns (QIAGEN). PCR was carried
out on the eluted DNA using primers to the endogenous mouse
HDb9 gene or primers specific to transfected Hb9 promoter con-
structs containing native or mutated E-box sequences.

Yeast two-hybrid assays

The cotransformation, X-gal assays, and quantitative liquid
B-galactosidase assays in yeast were performed as described pre-
viously (Lee et al. 1998). For each experiment, at least three
independently derived colonies were tested.

In vitro immunoprecipitation assays

[3°SJmethionine-labeled Olig2, Ngn2, and E47 proteins were
produced using TNT reticulocyte lysate (Promega). Anti-Flag
M2 antibody (Kodak) and anti-HA antibody (BabCo) were used
for immunoprecipitation. Coimmunoprecipitation was per-
formed as previously described (Lee and Pfaff 2003).
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